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Abstract 
Heavy fermion (HF) states emerge in correlated quantum materials due to the interplay 
between localized magnetic moments and itinerant electrons, but rarely appear in 3d-electron 
systems due to high itinerancy of d-electrons. Here, an anomalous enhancement of Kondo 
screening is observed at the Kondo hole of local Fe vacancies in Fe3GeTe2 which is a recently 
discovered 3d-HF system featuring of Kondo lattice and two-dimensional itinerant 
ferromagnetism. An itinerant Kondo-Ising model is established to reproduce the experimental 
results which provides insight of the competition between Ising ferromagnetism and Kondo 
screening. This work explains the microscopic origin of the d-electron HF states and inspires 
study of the enriched quantum many-body phenomena with Kondo holes in Ising 
ferromagnets.   
 
The entanglement and hybridization of local magnetic moments and itinerant electrons 
lead to the emergence of exotic quantum phases and phenomena, including quantum 
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criticality, topological order, and heavy fermion metallic behaviour in correlated quantum 
materials [1-6]. Among others, the HF states in a Kondo lattice model have attracted long-
term interest, where the localized moment at each site is screened by the surrounding itinerant 
electrons and forms a spin singlet. Consequently, significant modulation of the Fermi surface 
volume and a dramatic increase in the electron effective mass occur when the screening effect 
appears in the Kondo lattice coherently [7,8]. Recently, a robust itinerant ferromagnetism 
with strong out-of-plane anisotropy has been confirmed in a two-dimensional (2D) van der 
Waals (vdW) Fe3GeTe2 (FGT) ferromagnet, even down to monolayers [9-14]. It shows Ising 
ferromagnetic characteristics with layer-number dependent magnetic phenomena. 
Remarkably, both HF and Kondo lattice behaviour were observed in this itinerant 2D Ising 
ferromagnet [15], which is scarce in the 3d-electron systems [16-18]. This suggests the 
coexistence of Ising ferromagnetism and electron itineracy in FGT, despite a concrete 
microscopic modelling of the interplay between the two, is absent, and thus, the origin of the 
emergent HF states in the 2D Ising ferromagnet remains elusive.  
Magnetic vacancies in the Kondo lattice system, known as Kondo holes, are of 
significance for engineering the HF states by tuning the hybridization between itinerant and 
localized electrons. Their impacts on the atomic heterogeneity of hybridization and 
microscopic characteristics of HF states can provide in-depth insight into the complex 
interactions in Kondo lattice systems [19-21]. In FGT, the Curie temperature, magnetic 
anisotropy, and net magnetization are decreased in the presence of Fe vacancies [22-25]. 
These vacancies lead to atomic-scale spatial variations in magnetic interactions. In addition, 
the electronic hybridization of localized and itinerant d-electrons is also expected to be 
modulated by Fe vacancies. Consequently, the Ising magnetic order and Kondo screening in 
FGT may vary in the vicinity of Fe vacancies, providing an intricate probe of the Kondo-
lattice behaviour and HF states in this system. 
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Here, we reveal the role of intrinsic Fe vacancies as Kondo holes, and propose a Kondo-
Ising model to understand the origin of HF states in FGT. Unusual modulation of 
hybridization strength due to anomalous enhancement of Kondo screening in the vicinity of 
each Fe vacancy site has been visualized by measuring the local density of states (LDOS). 
Through a comprehensive theoretical analysis using the density functional theory (DFT) and 
density matrix renormalization group (DMRG) methods, we establish the Kondo-Ising model 
for HF states in this Ising ferromagnets. We further reveal a concrete scenario for explaining 
the intriguing interplay between itinerant electrons, local moments, and Kondo holes in the 
2D itinerant Ising ferromagnet. The Kondo holes weaken the local magnetic moment by 
breaking some nearest-neighbouring (NN) “Ising bonds” and concomitantly enhance the 
Kondo screening around it by reducing Pauli exclusion and relieving spin frustration between 
itinerant electrons. The agreement between experimental observations and the Kondo-Ising 
model results reveal the intricate role that the Fe vacancy plays in the Ising magnet and 
confirm FGT as a Kondo-lattice material with HF states.  
    The surface of FGT was first characterized by scanning tunneling microscopy (STM) and 
scanning tunneling spectroscopy (STS) at 4.2 K. A large-area, atomically flat surface is 
shown in Fig. 1a. Fig. 1b shows a typical terrace with the height of 8.2 Å, which corresponds 
to c/2 of the FGT lattice. In the dI/dV spectrum (Fig. 1c), two peaks located at -180 mV and -
50 mV can be assigned to the ferromagnetic (FM) states of Fe 3d-states, while the shoulder 
peak at around 20 mV is attributed to the Kondo resonance (KR) state [15]. The STS features 
give rise to the coexistence of itinerant ferromagnetism and Kondo lattice behaviour in FGT. 
The evolution from the experimental acquired atomic structure by STM, through the 
simulated STM image to the crystal structure is shown in Fig. 1e, in which good agreement is 
reached. The brighter and less bright atoms can be assigned to Te and Fe(I) atoms (Fig. 1e), 
respectively, forming a hexagonal lattice with a lattice constant of 4.0 Å. 
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     In the STM image, dark spots can be observed on the FGT surface, as circled in Fig. 2a. 
Although these dark spots are located at Te sites, the height variation between them and the 
surrounding Te atoms is only 24 pm, which is much smaller than the diameter of a single Te 
atom (Supplemental Material Fig. S1) [26]. Previous studies found that intrinsic Fe vacancies 
commonly form in FGT single crystal [22-25]. As Fe(II) sites are right beneath the topmost 
Te atoms, these dark spots may be reflecting Fe(II) vacancies. We compared dI/dV spectra 
acquired at the dark spots and surrounding area, as shown in Fig. 2b and 2c. The peaks 
corresponding to ferromagnetic (FM) states (FM1 and FM2) demonstrate an obvious 
reduction in intensity, which reflects the lesser contribution to the LDOS from Fe atoms. The 
unoccupied-state LDOS, in contrast, increases when the tip approaches the dark spot and 
indicates a local hole-like doping effect (Supplemental Material Fig. S2) [26,38,39]. As the 
Fe vacancies lead to the local deficiency of electrons, the dark spots in the STM images can 
be assigned to be Fe vacancies at Fe(II) sites. Moreover, the isolated Fe(II) vacancies should 
not carry magnetic moment, so that they can be regarded as Kondo holes in the FGT Kondo 
lattice. Fig. 2c is a line profile consisting of 30 spectra collected along the dashed line in Fig. 
2d, which show the spatial distribution of the LDOS of FM as well as Kondo resonance (KR) 
states. Interestingly, the KR LDOS is enhanced at the Fe(II) vacancy centre and gradually 
decreases in the vicinity away from the vacancy. This is contrary to intuition in the Kondo 
lattice model, because a decreased FM LDOS due to Fe(II) vacancies should depress the local 
magnetic moments and reduce the Kondo screening effect and likewise the KR LDOS. The 
anomalous enhancement in KR LDOS, thus, cannot be explained by the Kondo lattice model 
for conventional f-electron heavy fermion systems.  
In order to quantify the impact of the Fe(II) vacancy on the Kondo screening effect, the KR 
peaks acquired in the Fe(II) vicinity are fitted by using the following Fano resonance line-
shape equation [40]. 
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                𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
= 𝐴𝐴0 + 𝐴𝐴𝐾𝐾 (𝑞𝑞+𝜀𝜀)21+𝜀𝜀2 , 𝜀𝜀 = 𝑒𝑒𝑑𝑑−𝜀𝜀0𝛤𝛤                                  (1)                         
in which, 𝐴𝐴0 is a constant, 𝐴𝐴𝐾𝐾 is the KR amplitude, q is the Fano symmetry parameter,  𝑉𝑉 is 
the sample bias voltage, 𝜀𝜀0 is the energy position, and 𝛤𝛤 is the resonance half width at the half 
maximum [41]. The FM peaks are fitted by a Lorentzian line-shape function [15], as shown 
in Fig. 3a. It is found that the value of q rises from 0.6 at a pristine site to 1.2 at the Fe(II) 
vacancy site (Fig. 3b). Together with the enhanced intensity of the KR state (Fig. 3c), this 
implies that enhanced Kondo screening occurred at the Fe(II) vacancy sites. The amplitude of 
the two FM states decreased as the tip approached closer to the Fe(II) vacancy centre, which 
is consistent with the large area dI/dV mapping (Supplemental Material Fig. S3) [26]. With 
positive sample bias, electrons tunnel into the unoccupied states of FGT or into the KR which 
lies close to Fermi level (EF), as illustrated in Fig. 3d. The Fano symmetry parameter q is 
determined by the ratio of tunnelling probability between the localized KR (tk) and the direct 
conducting sea (tc). A higher probability of tunnelling to the KR state results in higher value 
of q [42]. Unlike the well-studied Kondo impurities of 3d metal atom, with a Kondo 
screening effect that can be decreased by weakened the impurity-substrate interactions [41], 
the Kondo lattice system in FGT with translational symmetry share the same Fermi sea 
consisted of s/p electrons from Te and Ge atoms, along with delocalized 3d electrons and 4s 
electrons of Fe atom. Thus, the enhanced q indicates an enhanced Kondo screening effect, 
rather than a change in the tunneling probability between the tip and the Fermi sea of the 
sample.   
From a comparison of the electronic structures of pristine (Fig. 4a) and defective FGT 
(Fig. 4b) obtained in DFT calculations, we can see that the Fe(II) vacancy can induce 
significant hole doping effects (Supplemental Material Fig. S4) [26], agreeing with our STS 
and previous angle-resolved photoelectron emission spectroscopy (ARPES) results [25]. 
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Furthermore, as marked in the Fig. 4c and 4d, there is a notable reduction of spin moment 
from 2.4 μB to 2.1 μB for the Fe(I) sites adjacent to the Fe(II) vacancy, which matches well 
with the weakened FM states in the STS result. Owing to a prominent FM coupling between 
nearest neighbour (NN) Fe(I) ions (~ 9 meV) on the same layer, direct FM spin exchange 
between local moments should be included in the theoretical analysis of the Kondo-lattice 
model for FGT. 
     To explain the enhancement of the KR in the vicinity of Fe(II) vacancy, we introduce a 
Kondo-lattice type many-body microscopic model to fully cover the correlations and 
hybridization between localized and itinerant electrons. Considering the two key features of 
robust ferromagnetism along the c axis, and strong hybridization between local moments and 
itinerant electrons accounting for its large thermal mass and Kondo lattice behaviour 
[15,22,23,27,43], we write down the Kondo-Ising chain Hamiltonian as follows:    
𝐻𝐻 = ∑ 𝐽𝐽𝑑𝑑𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝑆𝑆𝐼𝐼𝑧𝑧𝑆𝑆𝐼𝐼+1𝑧𝑧𝐼𝐼 + ∑ 𝐽𝐽𝐾𝐾𝐾𝐾𝐼𝐼𝑑𝑑𝐾𝐾𝐼𝐼 𝑆𝑆𝐼𝐼𝑎𝑎 ∙ 𝑠𝑠𝐼𝐼𝑏𝑏 + ∑ �𝑡𝑡∥𝑐𝑐𝐼𝐼†𝑐𝑐𝐼𝐼+1 + ℎ. 𝑐𝑐. �𝐼𝐼 .   (2) 
The summation (∑) is over all spin sites other than the hole site located in the middle of the 
Kondo-Ising chain; 𝑆𝑆𝐼𝐼𝑎𝑎  and 𝑠𝑠𝐼𝐼𝑏𝑏  denote the local moments and spins of the conducting 
electrons at the ith site, respectively. 𝑡𝑡∥ is the hopping amplitude of the conduction electrons 
between NN sites, 𝐽𝐽𝐾𝐾𝐾𝐾𝐼𝐼𝑑𝑑𝐾𝐾 represents the Kondo coupling between the local moment and the 
conducting electron at the same local site i, and JIsing represents the Ising coupling between 
the NN local moments. The 𝑐𝑐𝐼𝐼(𝑐𝑐𝐼𝐼
†) represent the fermion annihilation (creation) operator. The 
Kondo-Ising chain constitutes a strongly correlated many-body system, and we employed 
DMRG methods to simulate its ground state. In the pristine FGT Kondo lattice the local 
moments align in a FM order and the spin of itinerant electrons partially screen them, 
showing the Kondo lattice behaviour simultaneously (Fig. 4e). When an Fe vacancy as a 
Kondo hole is introduced into the system multiple intriguing consequences emerge owing to 
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the correlations and hybridization of d-electrons in the system, as shown in Fig. 4f. It was 
found that the expectation value of local moments adjacent to the “hole” are decreased, while 
the Kondo screening by the spin of itinerant electrons is enhanced, which well reproduce the 
experimental observations.  
Besides the effects on spin correlations, the Kondo hole has also a strong influence on the 
charge distribution near the Kondo-hole site, which can be clearly seen in Fig. 4g. By 
transforming the charge distribution from real to momentum (k) space, a period-two charge 
density wave (CDW) pattern is recognized by the pronounced peak in the charge structure 
factor that emerges at 𝜋𝜋 in the vacancy Kondo-Ising system(Fig. 4h). It is noteworthy that a 2 
× 2 superstructure independent of sample bias and tunnelling distance has been 
experimentally observed in the dI/dV mapping (Supplemental Material Fig. S5) [26]. 
Although the one-dimensional (1D) chain model in DMRG calculations is insufficient to 
imitate the 2D Fermi surface of FGT, the coincidence of the emergence of Fermi surface 
modification indicates that they very likely share a similar origin. Overall, the DMRG 
calculations show that the Kondo hole can modify not only the magnetic properties of FGT, 
including the enhanced Kondo screening of local moments and decreased spontaneous FM 
ordering, but also alter the Fermi surfaces and charge correlations of itinerant electrons. 
   The relationship between magnetism and Kondo screening in a limited number of d-
electron systems has been a long-term puzzle. For FGT, the latest ARPES results suggest that 
local magnetic moments play an indispensable role in the ferromagnetic ordering, which does 
not fit into the conventional Stoner scenario for itinerant electron ferromagnetism [44]. Also, 
in Fig. 4a, our DFT results for the pristine FGT structure show both rather flat and dispersive 
bands in the d-electron structure, indicating the existence of both localized and itinerant d-
electrons in the system. Meanwhile, the local moments in FGT interact with the NN ones in a 
more direct way – Ising exchange interaction, as confirmed by the DFT calculations, which is 
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very different from the Ruderman–Kittel–Kasuya–Yosida behaviour in f-electron HF systems. 
On the other hand, our experimental results have clearly revealed a competing interaction 
between the ferromagnetism and the Kondo effect in FGT, based on their opposite tendency 
in relation to Kondo holes, which is similar to what occurs in f-electron HF systems despite 
the very different magnetic interactions.   
   The reason can be found in the Kondo-Ising model of FGT proposed in this work, as 
illustrated by the schematic diagrams based on the DMRG calculations (Fig. 4e and 4f).  The 
spins of the itinerant electrons align antiparallel to local moments and induce a Kondo 
screening of the local moments at each site of the system.  The spins of itinerant electrons 
tend to align antiparallel between NN sites which is energetically more favourable due to the 
Pauli exclusion. As the local moments have a strong FM ordering, competition exists 
between FM and Kondo screening that actually leads to spin frustration. This spin frustration 
is locally relieved by the presence of a Kondo hole. As shown in Fig. 4f, the spins of itinerant 
electrons in the close vicinity of the Kondo hole can preferentially align parallel to the local 
moments forming the Ising FM order, which, in turn, enhances the Kondo screening effect on 
the adjacent local moments. Similar competition between the 3d-electron FM and the Kondo 
effect has been observed by STS in cobalt dimers [45] and quantum point contacts 
of Fe/Co/Ni transition metal, indicating that the way of exchange coupling of the 3d-electron 
magnetic moments is critical for forming the Kondo screening [46]. More importantly, due to 
the Ising interaction in FGT, stronger local Kondo screening due to the presence of Kondo 
holes can enhance the hybridization between the adjacent local moments and itinerant 
electrons, rather than simply destroying the coherence of the Kondo lattice as in f-electron 
systems, as exemplified in Th doped URu2Si2 [20, 21].  
    In summary, we have performed STM and STS measurements on FGT, with an emphasis 
on the effects of Fe vacancy, i.e., Kondo holes. Decreased ferromagnetism and enhanced 
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Kondo screening in the vicinity of a Kondo hole were revealed and explained. By combining 
the experimental results with DFT and DRMG calculations, a concrete Kondo-Ising scenario 
for the strongly correlated d-electrons in FGT has been established, which can not only 
describe the competing relationship between the Kondo screening effect and Ising 
ferromagnetism, but also reveals the origin of the HF behaviour in FGT. This clarification of 
the role of Fe vacancies as Kondo holes in ferromagnetic and HF behaviour in FGT can 
enrich our understanding of the ferromagnetism and electronic properties of the 2D Ising 
ferromagnet FGT and paves the way to their spintronic engineering and application.      
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Figures and Figures Captions 
Fig. 1. Crystal and electronic structure of FGT. (a) Large-scale STM image of the surface of 
FGT. Insert: Optical image of FGT. (b) Atom-resolved STM topography ( sample bias, 9 
mV). (c) dI/dV curves for FGT . (d) Side views of the crystal structure of FGT. (e) Schematic 
diagram of the evolution from the atomic structure of FGT to the simulated STM image and 
then to the experimental STM image (40 mV) (from left to right). 
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Fig. 2. Fe(II) vacancy characteristics in the FGT. (a) Atomic-resolution STM image of FGT 
with Fe(II) vacancies. The black dotted circle identifies the Fe(II) vacancies. (b) A pair of 
dI/dV spectra taken over areas with and far away from  vacancy. (c) Waterfall image of 30 
successive dI/dV curves measured along the dashed line in (d). (d) Zoomed STM image of 
the area marked by the blue rectangle in a.  
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Fig. 3. Analysis of the STS curves of FGT. (a) Fitting of experimental dI/dV curves. The blue 
curve is a Fano fit with the best fit parameters of 𝑞𝑞 = 1.40 ± 0.04, 𝛤𝛤 = 26 ± 5 mV. (b) and 
(c) the obtained q and amplitude depend on the distance from the vacancy. (d) Schematic 
illustration of the tunnelling process in the STS with electrons marked as yellow circle with 
arrow.. The blue circle with an arrow represents the local moment of an Fe atom. 
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Fig. 4. Theoretical simulation of the effects of Fe(II) vacancies on the FGT. (a) and (b) are 
electronic structures for pristine FGT and FGT with vacancies, respectively. (c) and (d) are 
the side views of the crystal structures for these two situations. The blue atmosphere around 
the Fe atom represents the charge distribution. (e) and (f) are schematic diagrams of the 
Kondo screening in a pristine Kondo lattice and in a lattice with a Kondo hole, respectively. 
(g) and (h) are the real space charge density distribution and the corresponding momentum-
space structures, respectively. n(q)is the Fourier transform of the real-space distribution nx at 
site x . 
 
